Background/Aims: Circular RNAs (circRNAs) are key regulators in the development and progression of human cancers, however its role in non-small cell lung cancer (NSCLC) tumorigenesis is not well understood. The aim of this study is to identify the expression level of circPVT1 in NSCLC and further investigated its functional relevance with NSCLC progression both in vitro and in vivo. Methods: Quantative real-time PCR was used for the measurement of circPVT1 in NSCLC specimens and cell lines. Fluorescence in situ hybridization analysis (FISH) assay was used for the identification of sublocation of circPVT1 in NSCLC cells. Bioinformatics analysis, luciferase reporter assay and RNA immunoprecipitation (RIP) were performed to verify the binding of c-Fos at circPVT1 promoter region, and the direct interaction between circPVT1 and miR-125b. Gain-or loss-function assays were performed to evaluate the effects of circPVT1 on cell proliferation and invasion. Western blot and immunohistochemistry assays were performed to detect the protein levels involved in E2F2 pathway. Results: We found that circPVT1 was upregulated in NSCLC specimens and cells. The transcription factor c-Fos binded to the promoter region of circPVT1, resulting in the overexpression of circPVT1 in NSCLC. Knockdown of circPVT1 suppressed NSCLC cell proliferation, migration and invasion, and increased apoptosis. In addition, circPVT1 mediated NSCLC progression via the regulation of E2F2 signaling pathway. More importantly, circPVT1 was predominantly abundant in the
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Introduction
Lung cancer is one of the most malignant cancer types all over the world [1] , with a low 5-year survival rate of 16.6% [2] . Non-small cell lung cancer (NSCLC) is the predominant form of lung cancer and accounts for the majority of cancer-related deaths in the world [3] . Conventional therapeutic strategies of chemotherapy following surgery showed limited effect for advanced NSCLC patients [4] . A better understanding of the molecular mechanisms underlying NSCLC progression and developing personalized therapeutic strategies are urgently needed to improve NSCLC prognosis.
With the advent of high-throughput sequencing and bioinformatic analysis, thousands of circular RNAs (circRNAs) have been successfully identified in multiple cell lines and across various species [5, 6] . CircRNAs are a large class of endogenous RNAs that are formed by exon skipping or back-splicing events with neither 5' to 3' polarity nor a polyadenylated tail; however, they attracted little attention until their function in post-transcriptional regulation of gene expression was discovered. CircRNAs are conserved and stable, and numerous circRNAs seem to be specifically expressed in a cell type or developmental stage [7, 8] . The progressive stage-and subcellular type-based expression modern indicate that circRNAs may play important roles in the mediation of multiple diseases, including cancer [9, 10] . Recently, certain kinds of circRNAs have been found to be significantly deregulated in NSCLC, and these deregulated circRNAs are suggested to participate in cancer development [11] . To date, elucidating the deregulated circRNAs and identifying their functions in NSCLC are still an ongoing process in cancer investigation.
Recent studies have shown that PVT1 gene, which is located on chromosome 8q24, a cancer susceptibility locus, plays an important role in human cancer via the regulation of protein stability of important oncogenes [12, 13] . The PVT1 gene is frequently up-regulated in many types of cancers, including NSCLC [14] . CircPVT1 is a circular RNA derived from one exon of the PVT1 gene and flanks two long introns (35269 bp and 41466 bp), which harbor many Alu repeats and may facilitate circPVT1 formation. CircPVT1 was first identified as circ6 by Memczak et al. [15] and then named circPVT1 after its host gene PVT1 in subsequent work [16] [17] [18] . They demonstrated that circPVT1 plays an oncogenic role in gastric cancer and head and neck squamous cell carcinoma, however, the specific role of this circular RNA is largely unknown, including NSCLC.
CircRNAs may function as competing endogenous RNAs (ceRNAs), thus inducing the release of genes that are targeted by specific miRNAs [19] . In this study, we hypothesized that circPVT1 regulated NSCLC proliferation, invasion and metastasis through sponging miR-125b and activating E2F2 signaling pathway. To verify this hypothesis, we detected the expression level of circPVT1 in NSCLC tissues and cell lines. By performing in vitro and in vivo experimental assays, we further investigated the functional relevance of circPVT1 with NSCLC progression.
Materials and Methods
Clinical samples
In total, forty-five serum samples, sixty-eight cancer tissues and paired adjacent noncancerous tissues from primary NSCLC patients were collected at Red Flag Hospital of Mudanjiang medical college between Jan 2013 and Jun 2017. Meanwhile, serum samples from forty-five healthy individuals were also collected. All the patients were pathologically confirmed and the tissues were collected immediately after they were obtained during the surgical operation, and then stored at -80°C to prevent RNA loss. In addition, 5 mL of venous blood from each participant was collected by vena puncture before chemotherapy was started. Serum was segregated via a centrifugation at 1600×g for 10 min at room temperature within 2 hours after collection, followed by a second centrifugation at 12000×g for 10 min at 4°C to remove the residual cells debris. Each serum supernatant was transferred into RNase free tubes and stored at -80°C until use. Written informed consent was obtained from each participant prior to blood collection. The study protocol was approved by the Clinical Research Ethics Committee of Hong Qi Hospital of Mudanjiang medical college.
Cell culture
The human NSCLC cell lines (A549, H292, SPC-A1, H1299, H1650, H1975, SK-MES-1) and one normal human bronchial epithelial cell line (HBE) were purchased from Chinese Academy of Sciences (Shanghai, China), cultured in DMEM (Gibco-BRL) medium supplemented with 10% fetal bovine serum (FBS), 100 U/ ml penicillin and 100 mg/ml streptomycin (Invitrogen, Carlsbad, CA, USA) at 37°C in a humidified incubator with 5% CO 2 .
RNA oligoribonucleotides and cell transfection
The small interfering RNA against circPVT1 (si-circPVT1), c-Fos (si-c-Fos) and negative control (si-NC), miR-125b mimics and NC mimics were synthesized by GenePharma (Shanghai, China). The coding sequence of c-Fos and E2F2 along with control sequences were amplified, cloned into pcDNA3.1 vector. The lentivirus vector containing circPVT1 overexpression plasmid (Lv-circPVT1) or negative control vector (Lv-NC) was amplified and cloned by GeneChem (Shanghai, China). pre-miR125b encompassing the stemloop was amplified and then cloned into a lentiviral vector (Lv-miR-125b), and a lentiviral vector expressing a scramble RNA was used as the control (Lv-Sc). Cells were plated at 5×10 4 cells/well in 24-well plates approximately 24 h before transfection. After the cells reached 30-50% confluence, transfection was carried out using Lipofectamine 3000 (Invitrogen) following the manufacturer's instructions. Transfection efficiency was evaluated in every experiment by RT-qPCR 24 h later to ensure that cells were actually transfected. Functional experiments were then performed after sufficient transfection for 48 h. The sequences of small interfering RNAs are shown in Table 1 .
RNA extraction and reverse transcriptionquantitative PCR (RT-qPCR)
Extraction of RNA from tissue samples and cell fraction was performed using Trizol (Invitrogen) according to the manufacturer's protocol. Total serum RNA was extracted by using the commercial miRNeasy Serum/ Plasma kit (Qiagen, Waltham, MA). All RNA elution steps were carried out at 12000×g for 15s, and the RNA was finally eluted in 15 μl RNase-free ultra-pure water. RNA was reverse transcribed using the SuperScript III ® (Invitrogen) and then amplified by RT-qPCR based on the TaqMan method on an BioRad CFX96 Sequence Detection System (BioRad Table 1 .
Immunofluorescence
Cell on slides were permeabilized with 0.3% Triton X-100 for 15 min after being fixed with 4% paraformaldehyde. Then goat serum was used for blocked, and then cells were incubated with anti-c-Fos antibody (#2250, 1:100, Cell Signaling Technology, Cambridge, MA) for overnight at 4°C The slides were then incubated with anti-rabbit Alexa Fluor 488 (Jackson Immunoresearch, West Grove, PA, USA) for 1 hr under room temperature. DAPI was used for nuclear counterstaining. The samples were observed under a fluorescence microscope (DMI4000B, Leica). Positive cells were counted blindly in a ×40 magnification.
Fluorescence in situ hybridization analysis (FISH)
Specific circPVT1 probe (5'-CATTCGTGAACGAATACAATCTGGAACA-3'-) was synthesized by Sangon Biotech (Sangon Biotech (Shanghai) Co., Ltd). Nuclear and cytosolic fraction separation was performed using a PARIS kit (Life Technologies), and RNA FISH probes were designed and synthesized by Bogu according to the manufacturer's instructions. Briefly, cells were fixed in 4% formaldehyde for 15 min and then washed with PBS. The fixed cells were treated with pepsin and dehydrated through ethanol. The air-dried cells were incubated further with 40 nM of the FISH probe in hybridization buffer. After hybridization, the slide was washed, dehydrated and mounted with Prolong Gold Antifade Reagent with DAPI for detection. The slides were visualized for immunofluorescence with a fluorescence microscopy (DMI4000B, Leica).
Signal transduction reporter array
Cignal 45-Pathway Reporter Array (Qiagen) was used to simultaneously investigate alternations in the activities of 45 canonical signaling pathways in response to knockdown of circPVT1. Cells were transfected with si-circPVT1 #1 for 24 h and were subsequently transfected with a mixture of a transcription factorresponsive firefly luciferase reporter and a constitutively expressing Renilla construct. The relative activity of each pathway was decided by luciferase/Renilla and normalized by untreated controls.
RNA immunoprecipitation (RIP) and Chromatin immunoprecipitation (ChIP)
Magna RIP TM RNA-Binding Protein Immunoprecipitation Kit (Millipore, Billerica, MA, USA) were used for RIP. NSCLC cells were lysed in complete RNA lysis buffer, then cell lysates were incubated with RIP immunoprecipitation buffer containing magnetic beads conjugated with human anti-Argonaute2 (AGO2) antibody (Abcam, ab32381), anti-E2F2 (Abcam, ab65222) or negative control mouse IgG (Millipore). EZ ChIP Chromatin Immunoprecipitation Kit (Millipore) and anti-c-Fos antibody (#2250, Cell Signaling Technology, Cambridge, MA) were used for ChIP according to the manufacturer's protocol.
Cell proliferation assay
The changed cell viability after transfection was assayed using the CCK8 Kit (Dojindo, Rockville, MD, USA). In brief, NACLC cell lines were seeded into a 96-well plate in triplicate and then treated with serial types of siRNAs for 48 h. After, cell cultures were treated with the CCK8 reagent and further cultured for 2 h. The optical density at 450 nm was measured with a spectrophotometer (Thermo Electron Corporation, MA, USA). The percentage of the control samples of each cell line was calculated thereafter.
Flow cytometry for apoptosis analysis
Cells were collected after transient transfection for 24 hr, then washed with PBS and trypsin containing 0.25% trypsin-EDTA to get the single-cell suspensions. They were then fixed in ice-cold 70% ethanol and with Annexin-V FITC and propidium iodide (PI) solution (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany). Apoptosis was detected by on a BD FACSCalibur instrument. 
TUNEL assay
TUNEL staining was performed to evaluate cell apoptosis. In brief, different group of cells were fixed by using 4% formaldehyde. Cells were fixed and stained with TUNEL kit according to the manufacturer's instructions (Vazyme, TUNEL Bright-Red Apoptosis Detection Kit, A113). TUNEL-positive cells were counted under fluorescence microscopy (DMI4000B, Leica).
Cell migration and invasion assays
Cell migration was evaluated by performing wound healing assay. Wounds were scratched on the monolayer of cells using 20 μl pipette tips. Plates were washed once with fresh medium to remove nonadherent cells after the cells had been cultured for 48 h, and then photographed. Cell invasion ability was tested by using transwell invasion assay. Briefly, 100 μl matrigel (BD, USA) was firstly added onto the bottom of the transwell chamber (24-well insert; 8-mm pore size, Corning Costar Corp), then 1×10
5 NSCLC cells in reduced serum medium (Opti-MEM, Gibco) were placed on the coated membrane in the chamber. Cells that migrated through the permeable membrane were fixed in methanol, stained with crystal violet, and counted under a microscope at 20× magnification in random fields in each well.
In vivo tumorigenesis assay
Male BALB/C nude mice (6 weeks of age) were purchased from Shanghai SIPPR-BK Laboratory Animal Co. Ltd. (Shanghai, China) and maintained in microisolator cages. 1×10
7 A549 cells transfected with Lv-circPVT1 and (or) Lv-miR-125b were suspended in 110 μl of serum-free DMEM, and then injected subcutaneously in the flank. Four weeks later, the xenograft tumor was stripped and the size was calculated.
Western blots and antibodies
Cell lysates were prepared with RIPA buffer containing protease inhibitors (Sigma). Protein concentrations were measured with the BCA Protein Assay according to the manufacturer's manual (Beyotime Institute of Biotechnology, Shanghai, China). Equal amounts of protein were separated by 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis and were transferred to polyvinylidene fluoride membranes (Millipore, Billerica, MA). Membranes were incubated overnight at 4 °C with a 1:1000 solution of antibodies (Cell Signaling Technology). A secondary antibody was then used for immunostaining for one hour at room temperature. The primary antibodies used here are anti-c-Fos antibody (Abcam, ab208942, 1:1000, Cambridge, MA), anti-E2F2 antibody (Abcam, ab65222, 1:1000), anti-E2F1 antibody (Abcam, ab179445, 1:1000), anti-E2F3 antibody (Abcam, ab50917, 1:1000), anti-pRb (S795) antibody (Abcam, ab47474, 1:1000), anti-cyclin-D1 antibody (Abcam, ab16663, 1:1000), anti-RYBP antibody (Abcam, ab5976, 1:1000) and anti-β-actin antibody (Abcam, ab8227, 1:1000).
Statistical analysis
Kolmogorov-Smirnov test was used to determine the normality of the distribution of data in each group. Count dates were described as frequency and examined using Fisher's exact test. The Mann-Whitney U test or Kruskal-Wallis test was used for evaluating the difference among clinical cohort groups or cell groups. All statistical analyses were performed with SPSS 17.0 software (SPSS Incorporation, Chicago, IL). Error bars in figures represent SD (Standard Deviation). The results were considered statistically significant at P <0.05.
Results
CircPVT1 is upregulated in NSCLC and can serve as effective diagnostic indicator
To investigate whether the expression of circPVT1 is altered in NSCLC, we detected the expression of circPVT1 in 68 NSCLC tissues and paired adjacent non-tumor tissues. As shown in Fig. 1A , a significant elevated expression of circPVT1 was identified in NSCLC tissues when compared to matched non-tumor tissues. In addition, 60.3% (41 of 68) cases had at least 2-fold higher expression of circPVT1 in NSCLC tissues in contrast to paired normal tissues (Fig. 1B) . Also, we examined the expression of circPVT1 in serum samples obtained from another independent cohort of 45 NSCLC patients and 45 healthy individuals. As Cellular Physiology and Biochemistry Cellular Physiology and Biochemistry expected, circPVT1 was also upregulated in serum of NSCLC patients than healthy controls (Fig. 1C) . Furthermore, circPVT1 also showed an increased expression in seven NSCLC cell lines (A549, H292, SPC-A1, H1299, H1650, H1975, SK-MES-1) than in HBE cells, which is a human bronchial epithelial cell line (Fig. 1D) . The circPVT1 PCR products from 5 NSCLC tissue samples were assessed on agarose gels to confirm that a specific circRNA species was amplified (Fig. 1E) , and further verified by DNA sequencing to confirm the amplification of the specific circRNA junction (Fig. 1F) . We then evaluated the diagnostic value of circPVT1 expression in tissues and serum of NSCLC patients. The ROC analysis showed an area under curve (AUC) of 0.803, with a diagnostic sensitivity and specificity reaching 82.5% and 67.5% (95% CI = 0.733-0.861) for circPVT1 expression in tissues (Fig. 1G) , and the AUC, diagnostic sensitivity and specificity were 0.794, 71.1% and 80.0% for serum circPVT1 expression, respectively (Fig. 1H ). This Fig. 1 . Identification of circPVT1 as diagnostic factor in NSCLC. A Expression of circPVT1 in primary NSCLC tissues and non-tumor tissues was detected by RT-qPCR. B. The circPVT1 expression level was analyzed using RT-qPCR and expressed as log 2 fold change (NSCLC/normal), and the log 2 fold changes were presented as follows: >1, overexpression (41 cases); <1, underexpression (18 cases); the remainder were defined as unchanged (9 cases). C. Serum circPVT1 expression was tested via RT-qPCR. D. Expression level of circPVT1 in NSCLC cell lines and normal HBE cells were determined. E. The RT-qPCR product of circPVT1 was visualized by electrophoresis in ethidium bromide-stained 2.5% agarose gels. F. RT-qPCR products were purified and sequenced to confirm circPVT1 junction sequences. G-H. Diagnostic efficacy of circPVT1 in Table 2 ). This indicates a potential prognostic significance of circPVT1 for NSCLC patients.
CircPVT1 is actively induced by c-Fos in NSCLC cells
Increasing evidence has revealed that several key transcription factors contribute to RNA dysregulation in the human cancer cells, to this end, we searched for transcription factors that might be linked to circPVT1 deregulation. Using the online transcription factor prediction software JASPAR (http://jaspar.genereg.net/), we found that there are two c-Fos sites in the circPVT1 promoter regions with high score (Fig. 2A) . Experimental validation using RT-qPCR showed that c-Fos expression was highly expressed in NSCLC cells when compared to HBE cells at both transcript and protein levels (Fig. 2B) . The upregulation of c-Fos level was further confirmed in 3 random selected NSCLC tissues compared to the paired non-tumor tissues (Fig. 2C) . Moreover, transfection of c-Fos overexpression vector (Fig. 2D ) dramatically increased circPVT1 expression levels in A549 and H292 cells (Fig. 2E) , while knockdown of c-Fos (Fig. 2F) showed an opposite effect (Fig.  2G) . Consistently, immunofluorescence assay showed that c-Fos was much more enriched in the nucleus of A549 cells when compared to HBE cells (Fig. 2H) . We also performed ChIP assay to further verify the enrichment of c-Fos at promoter region of circPVT1 with specific primers. As expected, c-Fos was enriched at promoter region of circPVT1 in NSCLC cells (Fig.  2I ). In addition, the circPVT1 promoter region including 2 potential binding sites of c-Fos was inserted into a PGL3 luciferase reporter vector, and dual-luciferase reporter analysis showed that c-Fos promoted the luciferase activity at both sites of circPVT1 promoter region (Fig. 2J) . These results indicated that the upregulation of circPVT1 in NSCLC may be induced by c-Fos.
Knockdown of circPVT1 suppresses cell proliferation and invasion in vitro
The functional role of circPVT1 in NSCLC progression was then investigated. We first blocked the expression of circPVT1 in A549 and H292 cells by transfecting with circPVT1 siRNA. The specific siRNA which covers back-splicing region of circPVT1 was constructed (Fig. 3A) . As shown in Fig. 3B , si-circPVT1 #1 showed the highest silencing efficiency and was chosen for transfection assays. Subsequently, the effect of circPVT1 on NSCLC progression were examined. CCK8 assay showed that knockdown of circPVT1 significantly inhibited cell proliferation rate when compared to control vectors in both cell lines (Fig. 3C) . Cell-cycle assays indicated that knockdown of circPVT1 caused cell-cycle arrest in G0/G1 phase (Fig.  3D) . Meanwhile, an increased proportion of apoptotic nucleus was induced by knockdown of circPVT1 as shown by TUNEL assay (Fig. 3E) . In addition, knockdown of circPVT1 also decreased the migratory ability of NSCLC cells as shown in wound-healing assay (Fig. 3F) . Matrigel invasion assay showed that knockdown of circPVT1 noticeably suppressed invasive ability of both cell lines (Fig. 3G) . These results indicate an oncogenic role of circPVT1 in NSCLC progression. 
E2F2 signaling pathway is responsible for circPVT1-mediated NSCLC progression
To determine how circPVT1 contributes to NSCLC progression, we used Signal Reporter Array to simultaneously investigate the activity changes of 45 canonical signaling pathways in A549 cells upon transfection of si-circPVT1 #1. Of note, we identified E2F reporter as one of the most significantly silenced pathways upon knockdown of circPVT1 (Fig. 4A) . RT-qPCR experiments confirmed that E2F2 gene was upregulated in primary NSCLC tissues in contrast to non-tumor tissues, while no expression change was identified for E2F1 and E2F3 (Fig. 4B-4D ). Western blot showed that knockdown of circPVT1 repressed E2F2 and E2F2-related protein expressions (Fig. 4E) . To verify circPVT1 regulates NSCLC progression through targeting E2F2 signaling, we performed gain-and-loss functional assays by generating E2F2 overexpression vector (Fig. 4F) . The suppressed cell viability caused by si-PVT1 #1 was dramatically reversed by co-transfection with E2F2 vector (Fig. 4G) . Also, enhanced expression of E2F2 abrogated the effect of circPVT1 knockdown on cell invasion (Fig. 4H) . Therefore, we demonstrated that circPVT1 promoted cell proliferation and invasion via targeting E2F2. 
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CircPVT1 mediates E2F2 expression via serving as a ceRNA for miR-125b
It is widely accepted that circRNAs may function as competing endogenous RNAs (ceRNAs) to regulate the target mRNA of miRNAs. To test this hypothesis, we localized the subcellular location of circPVT1 in NSCLC cells. RT-qPCR analysis of nuclear and cytoplasmic circRNA showed that circPVT1 was enriched in cytoplasm section of A549 and H292 cells (Fig. 5A) . Fluorescent in situ hybridization of circPVT1 with specific probe further confirmed that circPVT1 was mainly distributed in the cytoplasm section (Fig. 5B) . To confirm circPVT1 exerts this effect through associating with E2F2 targeting miRNAs, we performed RIP assay on Ago2, which is the core component of the RNA-induced mediating complex. Clearly, both circPVT1 and E2F2 were enriched with Ago2 (Fig. 5C ). In addition, knockdown of circPVT1 resulted in a decreased enrichment between Ago2 and cricPVT1 but elicited an increase recruitment of Ago2 to E2F2 transcript (Fig. 5D ), indicating that circPVT1 could compete with E2F2 transcripts for the Ago2-based miRNA-mediated silencing complex. Subsequently, we verified the miRNAs that participated in the sponge of circPVT1 and E2F2 pathway. Interestingly, a microRNA, namely miR-125b, was predicted to target both E2F2 and circPVT1 by miRanda (http://www.microrna.org/microrna/home.do) and TargetScan (http://www.targetscan.org/) (Fig. 5E) . By generating miR-125b mimics and cloning wild or mutant 3'-UTR of E2F2/circPVT1 downstream into PGL3 luciferase reporters, we performed luciferase reporter assay to detect the sponge of miR-125b with both reporters (Fig. 5F ). As expected, luciferase activity was significantly suppressed by overexpression of miR-125b at both circPVT1 and E2F2 wild type reporter, but little effect was observed with mutant E2F2 reporters (Fig. 5G-I ). In addition, miR-125b was upregulated in NSCLC cells when circPVT1 was silenced by si-circPVT1#1 (Fig. 5J) . RIP experiment revealed that silence of circPVT1 promoted the enrichment of miR-125b bound to E2F2 (Fig. 5K) . Taken together, our results showed that circPVT1 serves as a molecular sponge for miR-125b to modulate the expression of E2F2.
CircPVT1 mediates tumorigenesis through sponging miR-125b and upregulating E2F2 in vivo
Following the above observations, we further verified these in vitro findings by using an in vivo xenograft model. A549 cells that stably transfected with lentiviras vector containing circPVT1 plasmid (Lv-circPVT1), miR-125b (Lv-miR-125b) and respective negative control vectors were injected into the flanks of nude mice. Herein, mice xenograft carrying four groups of transfected cells were established: Group I (Lv-NC + Lv-SC), GroupII (Lv-circPVT1 + Lv-SC), Group III (Lv-NC + Lv-miR-125b), Group IV (Lv-circPVT1 + Lv-miR-125b). More than three mice in each group were remained after excluding mice that were dead or with complications, such as skin necrosis due to infection. Tumors were stripped and tumor mass were quantified (Fig. 6A) . The expression levels of circPVT1 and miR-125b in each group were verified (Fig. 6B) . The quantitative data showed that overexpression of circPVT1 promoted tumor growth (Group II vs. Group I), while overexpression of miR-125b repressed the growth effect (Group III vs. Group I). Moreover, co-infection of Lv-miR-125b reversed the enhancement induced by Lv-circPVT1 (Group IV vs. Group II, Fig. 6C ). In addition, immunohistochemistry (IHC) analysis was conducted to determine the expression level of E2F2 in xenograft tissues. As shown in Fig. 6D , circPVT1 upregulated-, while miR-125b inhibited the expression level of E2F2. IHC analysis also showed that circPVT1/miR-125b pathway affected the cell proliferation marker Ki-67 in xenograft tissues (Fig. 6E) .
Discussion
Extensive efforts in the past have contributed to the understanding of both molecular and cellular mechanisms of noncoding RNAs in cancer progression, however, nearly all patients with lung cancer invariably become metastatic and chemoresistant [20] . Thus, novel molecular signatures seem to hold great promise in tumor characterization and could be used as potential prognostic markers and treatment target [21] . To identify potential molecular markers for NSCLC, we focused on circular RNAs, a group of recently identified transcripts formed by exon skipping or back-splicing events, and investigated the functional correlation between NSCLC progression and circPVT1 in NSCLC. Our own date showed that circPVT1 was upregulated in NSCLC partially due to the activation of c-Fos. Moreover, circPVT1 promotes NSCLC progression via the sponge of miR-125b and activating the downstream E2F2 pathway (Fig. 7) . Several attempts have been made to use miRNAs or lncRNAs in serum or plasma as useful predictors [22, 23] . Nevertheless, these potential tumor biomarkers are often in relatively low abundance and degradation easily occurs. The existence of circular form of RNAs in body fluid was firstly reported by Sanger et al. in 1976 . they demonstrated that this type of single-stranded closed circular RNA was stably expressed from viroids to certain highest species, such as human beings [24] . With the development of gene investigations, it is recognized that circRNAs are widely expressed in human cells, and their expression levels can be 10-fold or higher compared to their linear isomers. The two most important properties of circRNAs are highly conserved sequences and a high degree of stability in mammalian cells [25] . More importantly, circRNAs are a class of endogenous RNAs featuring stable structure making them avoid exonucleolytic degradation by RNase R. Compared with other noncoding RNA, such as miRNAs and lncRNAs, these properties provide circRNAs with the potential to become ideal biomarkers in the diagnosis and prognosis of cancers [26, 27] . In this study, we showed that circPVT1 was significantly upregulated in NSCLC and correlated with clinical diagnosis. Therefore, circPVT1 may serve as a novel biomarker used for early diagnosis, treatment monitoring and prognosis for NSCLC patients.
The functional role of circPVT1 in cancer progression and other diseases were reported in several previous studies. Chen et al. demonstrated that circPVT1 promotes cell proliferation and serves as a prognostic factor in gastric cancer [17] . Verduci et al. also revealed an oncogenic role of circPVT1 in head and neck squamous cell carcinoma through the mutant p53/YAP/TEAD transcription-competent complex [16] . In addition, Panda et al. found that circPVT1 is a senescence-associated circular RNA, and it is elevated in dividing cells and reduced in senescent cells, sequesters let-7 to enable a proliferative phenotype [18] . The specific role of circPVT1 in lung cancer is still unknown. In this study, we revealed that circPVT1 plays an oncogenic role in NSCLC by regulating cell growth and metastasis, which is consistent with previous reports. In addition, transcription factor c-Fos was identified as a specific transcription activator for circPVT1, and induced the upregulation of circPVT1. To get a deeper understanding of the role of circPVT1 in NSCLC, we performed Signal Reporter Array to determine the downstream pathway that account for the functional effects induced by circPVT1, and E2F2 was identified as a direct target of circPVT1. E2F2 is a member of the E2F family of transcription factors and binds DNA cooperatively with DPDP1-polypeptide through the E2 recognition site in the promoter region of genes to produce products involved in cell cycle regulation, DNA replication and metastasis [28, 29] . The oncogenic property of E2F2 is observed in multiple cancers due to its effect on promoting cell-cycle progression. Overexpressed E2F2 is a crucial center of cell cycle regulation in NSCLC cancer and high expression of E2F2 is significantly associated with poor prognosis [30] . The studies of E2F2 with EMT, previously associated with metastases and chemoresistance are contradictory [31] [32] [33] . Our current study suggested that E2F2 was upregulated in NSCLC, and E2F2 was responsible for the circPVT1 mediated NSCLC carcinogenesis. Take a step further, we localized the sub-cellular distribution of circPVT1 in NSCLC cells. We found that circPVT1 was enriched in cytoplasm section. It is well known that circRNAs located in cytoplasm may function as miRNA sponges, thus indirectly mediate the expression level of targeted mRNA [34] . Our comprehensive analysis of bioinformatics combined luciferase reporter assay and immunoprecipitation experiments verified miR-125b as a sponge target of both circPVT1 and E2F2 gene, and was responsible for the circPVT1-mediated NSCLC progression in vivo. Therefore, our date comprehensively demonstrated an oncogenic role of circPVT1 through sponging miR-125b and releasing E2F2.
We should admit that our research can be more meaningful provided that we complete the date supporting a survival and prognostic conclusion in NSCLC patients. We have been collecting survival results and will develop relevant conclusions in our future works.
Conclusion
In summary, our findings revealed that c-Fos-activated circPVT1 plays an oncogenic role in NSCLC by acting as a ceRNA. Therefore, circPVT1 may be considered as a diagnostic biomarker and therapeutic target for NSCLC patients, enhancing the clinical benefits.
